The reaction of antimony(III) oxide with ethylamine, in molar ratios from 1:1 to 1:10, in concentrated hydrobromic acid leads to the formation of one product -bis(ethylammonium) pentabromoantimonate(III). The structure of (C 2 H 5 NH 3 ) 2 [SbBr 5 ] was determined at 298 and 90 K, below and above the phase transition that occurs at about 158.5 K. The orthorhombic system was found in both phases, space groups Cmca and Pbca at 298 and 90 K, respectively. At both temperatures the structure consists of [SbBr 6 ] 3− octahedra connected via cis bromine atoms forming one-dimensional zig-zag [{SbBr 5 } 2− ] n chains. The ethylammonium cations fill the space between polyanionic chains. The organic and inorganic substructures are held together by a system of N(-H)···Br interactions. Their influence on the deformation of [SbBr 6 ] 3− octahedra is well reflected in differences in the corresponding Sb-Br bond lengths and Br-Sb-Br angles in both phases. The phase transition is of the first order and the order-disorder type. It is related to changes in the molecular dynamics of the ethylammonium cations. In the low-temperature phase the organic cations are ordered, while at 298 K both crystallographically independent cations are disordered. The type of disorder is realized by the presence of two positions of the methyl carbon atoms.
Introduction
This paper forms a part of our larger project relating to the synthesis, structure, phase transitions and molecular motions in the group of new ferroic crystals -halogenoantimonates(III) and halogenobismuthates(III) with organic cations of various sizes and symmetries. Our interest is directed towards the presence of phase transitions, and their mechanisms, and the deformation of the polyhedral coordination sphere about the antimony(III)/bismuth(III) atoms [1 -5] .
We have recently reported the structures and properties of two different chloroantimonates(III) with ethylammonium cations: (C 2 H 5 NH 3 ) 2 [7] . These compounds were obtained by changing the ratio of antimony(III) chloride to ethylamine between 1 : 0.4 and 1 : 9.5 in aqueous hydrochloric acid solution. In the structure of (C 2 H 5 NH 3 ) 2 4 ] one phase transition of the first order and the order-disorder type at 274 K has been found. The mechanism of the phase transition is most probably connected with the freezing of the reorientation motions of at least one out of three disordered, crystallographically non-equivalent, ethylammonium cations.
It was also noticed, especially in the case of (C 2 H 5 -NH 3 ) 2 [SbCl 5 ] · (C 2 H 5 NH 3 )Cl, that deformation of the octahedral coordination of the central Sb III atom is among other things related to the presence of the N-H··· Cl hydrogen bonds between organic and inorganic substructures. Fig. 1 . The packing diagrams of bis(ethylammonium) pentabromoantimonate(III) at 298 K (a) and 90 K (b) projected on the (110) plane (one orientation of the disordered (C 2 H 5 NH 3 ) + cations at 298 K and the hydrogen atoms at 90 K are omitted for clarity). Displacement ellipsoids are plotted at the 25% and 50% probability level at 298 and 90 K, respectively.
In order to obtain further information about the mechanisms of phase transitions as well as the effect of halogen substitution and interactions between organic and inorganic substructures on the type and deformation of anionic halogenoantimonate(III) polyhedra, in this work we have prepared the bromine analogue to study its structure and properties.
Results and Discussion

Preparation and characterization
Bromoantimonates(III) with a wide variety of organic cations defined by the general formula R a Sb b Br c (R -organic cation, a, b, c -stoichiometric coefficients) have been synthesized [8 -11] and characterized by physicochemical methods including IR, Raman, TGA, DTA, and X-ray techniques [12 -15] .
The yellow and orange crystals, varying somewhat in shade, may be obtained by mixing solutions of the organic substance and antimony(III) oxide (bromide) in an excess of hot hydrobromic acid. It should be stressed that depending on the type of starting materials, the conditions, and the methods of a synthesis, products of different stoichiometries may crystallize [11] .
We tried to obtain all possible products in the reaction of antimony(III) oxide and ethylamine in concentrated hydrobromic acid, changing the molar ratio of reagents between 1:1 and 1:10 (molar ratio of antimony(III) atom to ethylamine). Only one yellow, needle-shaped product -bis(ethylammonium) pentabromoantimonate(III) -was obtained, which crystallizes in the whole studied range of molar ratios.
The same results -formation of only one type of bromoantimonate(III) irrespective of the molar ratio of reactants -were reported by R. D. Whealy and R. L. Yeakley [9] . N. K. Jha and S. S. A. Rizvi reported [11] that the following equilibria exist in aqueous HBr containing amine hydrobromide and antimony(III) bromide:
Therefore it is difficult to predict which type of bromoantimonate(III) will crystallize. The authors suggested that only the least soluble product is obtained for a given amine hydrobromide. Our results confirm the formation of one, probably the last soluble, type of salt in the relatively wide range of molar ratio. There are a few examples in the literature where two or three different products were obtained using in the synthesis the same starting materials [e. g. 13, 16, 17] . The formation of only one product seems to be mainly related to the specific conditions of the synthesis and type of the organic cation [18] .
The bis(ethylammonium) pentabromoantimonate (III) salt has a limited thermal stability. On the basis of TGA studies the powder sample starts to decompose above 450 K.
Crystal structures at 298 and 90 K
The structure of (C 2 H 5 NH 3 ) 2 [SbBr 5 ] was determined at 298 and 90 K. At both temperatures crys- tals are orthorhombic, but at 298 K the space group is Cmca, whereas at 90 K it is Pbca. In both phases the anionic substructure of (C 2 H 5 NH 3 ) 2 [SbBr 5 ] is composed of distorted [SbBr 6 ] 3− octahedra that share two cis corners with two other neighbours, forming infinite one-dimensional [{SbBr 5 } 2− ] n chains. The ethylammonium cations are located between the inorganic chains, with their ammonium groups facing the oppositely charged inorganic polyanions. The setting of the cell at 90 K, the asymmetric units of the unit cells, and the labeling of atoms at 298 and 90 K have been chosen to show the structural relationship between positions of corresponding atoms in both phases. It is also obvious from projections of the packing diagrams (Fig. 1) .
The crystal data and the structure determination details for (C 2 H 5 NH 3 ) 2 [SbBr 5 ] at 298 and 90 K are listed in Table 1 . The final atomic coordinates and equivalent isotropic displacement parameters for non-H atoms in both phases are shown in Table 2 . The bond lengths, angles, the shortest contacts between organic and inor- (Table 3) .
The same anionic substructure, built of [SbBr 6 ] 3− octahedra connected by corners, was found in It is also worth to compare the deformation of the [SbBr 6 ] 3− octahedron in the title structure with an isolated octahedron, not deformed by the formation of Sb-Br-Sb bridges. Lawton et al. reported the structure of pyridinium bromoantimonate containing Sb III and Sb V atoms, (C 5 H 5 NH) 6 Sb III Sb V 3 Br 24 [21] where the isolated [SbBr 6 ] 3− octahedron was described. The SbBr distances, corrected for thermal effects assuming rigid-body libration of the ions, are between 2.793(7) and 2.809(10)Å. The average Sb III -Br bond length is 2.799(7)Å and it is in agreement with other results [22, 23] . In our case the deformation of the inorganic chains is first of all related to the type of the anionic substructure. Therefore the largest difference, 0.199(8)Å, was noticed again for the bridging Sb-Br bond.
There are two crystallographically independent ethylammonium cations in the unit cell. Both cations occupy special positions and both are disordered. The type of disorder is similar for the two cations as realized by the presence of two positions of the methyl carbon atoms (Fig. 2) . The geometrical parameters of the disordered ethylammonium cations are presented in Table 3 . Because of the dynamical disorder the N-C, C-C bond lengths and N-C-C angles were not determined with a high precision.
Besides the interactions within the inorganic substructure, the N··· Br contacts between oppositely charged moieties also contribute to the deformation of the [SbBr 6 ] 3− polyhedra. The N··· Br distances are between 3.421(7) and 3.611(9)Å. They are comparable to those found in other bromoantimonates(III) [e.g. 24, 25] .
The observed changes in Sb-Br bond lengths and Br-Sb-Br angles correlate well with the distances and strengths of the N···Br interactions. The two axial distances are Sb1-Br3 (2.769 (1) ] n chains built of corner-sharing octahedra are elongated, like in the structure at 298 K, along the a direction of the unit cell. The close relationship and the similarity of the corresponding unit cell parameters and the positions of the ionic components of the structures at both temperatures is obvious (Fig. 1) .
The arrangement of the bromo ligands around the antimony(III) atom at 90 K deviates more strongly from the ideal octahedron than in the roomtemperature phase. Pairs of Sb-Br bond lengths are in the same order like in the structure determined at 298 K. The lengths of the Sb-Br bonds vary from 2.609(1) to 3.057(1)Å. The difference between the shortest and the longest Sb-Br distances is 0.448(2)Å, while in the room-temperature structure it is 0.362(2)Å. A similar situation was noticed in the case of the cis Br-Sb-Br angles. The differences are 16.03(4) • and 14.05 (6) • for the low-and roomtemperature structure, respectively (Table 3) .
Taking into account that in both phases the types of anionic and cationic substructures are the same, the differences described above are mainly related to two reasons: (I) the stereochemical activity of the lone electron pair located on the Sb III atom [26, 27] and (II) the presence of N···Br interactions different in geometry and strength [e.g. 10].
The larger difference (0.082(2)Å) in the Sb-Br bond length of the axial Br3 and Br4 atoms at 90 K as compared to the structure at 298 K (0.021(2)Å) confirms again the influence of cationic substructure on the deformation of inorganic octahedra (Table 3 -5; Fig. 3) .
The largest changes in angles in both phases were found for the bridging Br2 atom. The Sb-Br2-Sb angle is decreased from 164.75(5) at 298 to 157.39(2) • at 90 K owing to the existence of the N-H···Br hydrogen bond in the phase below the transition temperature.
The conclusion to be drawn from the results is that the rather weak interionic interactions as well as hydrogen bonds, formed between Br atoms and ethylammonium cations, have relatively strong influence on the deformation of the [SbBr 6 ] 3− octahedra, especially in the case of the geometrical parameters related to bridging, the furthest from the central atom located, ligands.
The bond lengths and angles of the ethylammonium cation are typical (Table 3) . They are similar to those found in the structure of ethylamine dibromide [28] . All geometric parameters of the (C 2 H 5 NH 3 ) + ion in the low-temperature phase of (C 2 H 5 NH 3 ) 2 
Phase transition
A characteristic feature of halogenoantimonates(III) and halogenobismuthates(III) are the molecular dynamics of the organic cations embedded in the anionic substructures. It is especially manifested with relatively small methyl-, dimethyl-, trimethyl-and tetramethylammonium cations. On decreasing the temperature the reorientations of the cations are frozen, which may lead to one or more phase transitions [29, 30] . There are a few examples of bromoantimonates(III) with organic cations of the R 2 SbBr 5 stoichiometry in which phase transitions were detected [16, 31] .
Nuclear quadrupole resonance (NQR), differential thermal analysis (DTA) and nuclear magnetic resonance (NMR) studies of the title compound have shown that it undergoes a low-temperature phase transition at ca. 155 K (NQR studies -changing the slope of the 81 Br resonance lines) [32] . On the basis of the temperature dependence of the second moments of the 1 H NMR line performed between 290 and 125 K, the rapid decrease of the second moment in the vicinity of 150 K was considered to be due to the freezing of motions of the ethylammonium cation around its long axis.
The results of our DSC studies are generally in agreement with the DTA measurements reported by Okuda et al. [32] , who found that the temperature of transition during cooling and heating of the sample was 155.1 and 157.2 K, respectively. The DSC diagram in cooling and heating runs for (C 2 H 5 NH 3 ) 2 
The results of the X-ray single crystal measurements described above confirm that the mechanism of the phase transition in the title salt is connected with changes in motions of the cationic substructure. The observed disorder of the methyl carbon atoms, together with relatively large thermal motions, are reflected in the high displacement parameters of the remaining C and N atoms of two crystallographically independent ethylammonium cations in the room-temperature phase. It clearly suggests that the molecules reorient along their long axis (Fig. 2) . In the low-temperature phase, ca. 70 K below the temperature of transition, the molecular motions of the organic cations are frozen.
Experimental Section
Synthesis and characterization
Antimony(III) oxide (pure, Ubichem Ltd., UK), ethylamine (for synthesis, 70%, Merck-Schuchardt, Germany) and concentrated hydrobromic acid (A.C.S reagent, 48%, Aldrich, Germany) were the starting materials used for the synthesis of bis(ethylammonium) pentabromoantimonate(III).
Single crystals suitable for the X-ray diffraction studies of bis(ethylammonium) pentabromoantimonate(III) were grown by slow evaporation of the solvent at the room temperature from a saturated solution obtained in the reaction of 2.91 g (10 mmol) Sb 2 O 3 and 12.88 ml (160 mmol) C 2 H 5 NH 2 in a concentrated hydrobromic acid (ca. 60 ml). The solution was heated and stirred till the antimony(III) oxide and then the product of the reaction was completely dissolved.
The TGA studies were performed on a Universal V1.12A TA Instrument in the temperature range 300 -630 K (rate 10 K · min −1 ). The macrocrystalline sample was ground before the measurements.
The differential scanning calorimetry (DSC) studies were carried out on a Perkin-Elmer DSC-7 calorimeter with a cooling/heating rate of 20 K · min −1 in the temperature range 100 -443 K.
Crystal structure determinations
The measurements at 298 and 90 K were performed on a Xcalibur CCD diffractometer with graphite monochromated Mo-K α (λ = 0.71073Å) radiation. At 90 K the intensity data were collected on the diffractometer equipped with an Oxford Cryosystems cooler. The reflections were measured using the ω-scan technique with ∆ ω = 0.50 and 0.75 • . The unit cell parameters were obtained from a least squares refinement of 1379 and 2641 reflections at 298 and 90 K, respectively.
Both structures were solved by the Patterson method. All data were subjected to Lorentz, polarisation and empirical absorption corrections based on symmetry-equivalent reflections [33] (T min = 0.144, T max = 0.327 and T min = 0.119, T max = 0.176 for the measurements at 298 and 90 K, respectively).
Fourier maps revealed a dynamical disorder of both crystallographically independent ethylammonium cations at 298 K and we were thus not able to find the positions of hydrogen atoms. All hydrogen atoms of the low-temperature structure were located in subsequent maps and then refined using the riding model and constrained to a distance of 0.96, 0.97 and 0.89Å for -CH 3 , -CH 2 -and -NH 3 groups respectively. The hydrogen atoms of the methyl and ammonium groups were allowed to ride on the C and N atoms and to rotate around the neighbouring C-C and C-N bonds. Their displacement parameters were taken with coefficients 1.3, 1.2 and 1.5 times larger than the respective parameters of the nitrogen, methylene and methyl carbon atoms.
The quantity minimised was Σw(|F o | − |F c |) 2 The Oxford Diffraction software CrysAlisCCD and CrysAlisRED programs were used during the data collection, cell refinement and data reduction processes [34] . The SHELX-97 program [35] was used for the structure solution and refinement. The structure drawings were prepared using SHELXTL program [33] .
Crystallographic data (excluding structure factors) for bis(ethylammonium) pentabromoantimonate(III) at 298 and 90 K have been deposited at the Cambridge Crystallographic Data Centre as supplementary publication nos. CCDC 211366 and CCDC 211367, respectively. Copies of the data can be obtained, free of charge, on application to the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: int. code+(1223) 336033 or e-mail: data request@ccdc.cam.ac.uk).
